ENSO is considered as a strong atmospheric teleconnection that has pronounced global and regional circulation effects. It modifies global monsoon system, especially, Asian and African monsoons. Previous studies suggest that both the frequency and magnitude of ENSO events have increased over the last few decades resulting in a need to study climatic impacts of ENSO magnitude both at global and regional scales. Hence, to better understand the impact of ENSO amplitude over the tropical and extratropical regions focussing on the Asian and African domains, ENSO sensitivity experiments are conducted using ICTPAGCM ('SPEEDY'). It is anticipated that the tropical Pacific SST forcing will be enough to produce ENSO-induced teleconnection patterns; therefore, the model is forced using NINO3.4 regressed SST anomalies over the tropical Pacific only. SPEEDY reproduces the impact of ENSO over the Pacific, North and South America and African regions very well. However, it underestimates ENSO teleconnection patterns and associated changes over South Asia, particularly in the Indian region, which suggests that the tropical Pacific SST forcing is not sufficient to represent ENSO-induced teleconnection patterns over South Asia. Therefore, SST forcing over the tropical Indian Ocean together with air-sea coupling is also required for better representation of ENSO-induced changes in these regions. Moreover, results obtained by this pacemaker experiment show that ENSO impacts are relatively stronger over the Inter-Tropical Convergence Zone (ITCZ) compared to extratropics and high latitude regions. The positive phase of ENSO causes weakening in rainfall activity over African tropical rain belt, parts of South and Southeast Asia, whereas, the La Niña phase produces more rain over these regions during the summer season. Model results further reveal that ENSO magnitude has a stronger impact over African Sahel and South Asia, especially over the Indian region because of its significant impact over the tropical Atlantic and the Indian Ocean through Walker circulation. ENSO-induced negative (positive) NAO-like response and associated changes over Southern Europe and North Africa get significantly strong following increased intensity of El Niño (La Niña) in the northern (southern) hemisphere in the boreal winter (summer) season. We further find that ENSO magnitude significantly impacts Hadley and Walker circulations. The positive phase of ENSO (El Niño) overall strengthens Hadley cell and a reverse is true for the La Niña phase. ENSO-induced strengthening and weakening of Hadley cell induces significant impact over South Asian and African ITCZ convective regions through modification of ITCZ/monsoon circulation system.
Introduction
El Niño-Southern Oscillation (ENSO) is an inter-annual climate variability pattern associated with an irregular periodic fluctuation of winds, sea surface temperatures and air pressure over the equatorial Pacific Ocean, affecting much of the tropics and subtropics (Neelin et al. 1998; Trenberth et al. 1998; Timmermann et al. 1999; Trenberth and Caron 2000; Lee et al. 2010; Lee 2012; Zhang et al. 2011) . The warming phase of this inter-annual climate variability is known as El Niño and the cooling phase as La Niña. Both the phases have worldwide climatic influence with important ecological and socio-economic consequences (Timmermann et al. 1999) . The physical link between ENSO variation and subsequent temperature and precipitation responses at global and regional scale has been documented in many studies (Trenberth et al. 1998; Timmermann et al. 1999; Diaz et al. 2001; Ashok et al. 2001 Ashok et al. , 2004 Molteni et al. 2003; Bracco et al. 2007; Kripalani et al. 2007; Kucharski et al. 2013a, b) . Several past studies have shown a strong teleconnnection relationship between eastern and central equatorial Pacific sea surface temperature variability and rainfall pattern over Pacific, Atlantic and Indian Ocean and associated continental regions focusing Southeast Asia and Africa (Rasmusson and Carpenter 1983; Lee et al. 2010; Zhang et al. 2011 Zhang et al. , 2012 Zhang et al. , 2013 Wang et al. 2012; Karori et al. 2013; Kucharski et al. 2013a, b) . Many recent studies have shown that Asian, Indian and Australian monsoon systems are greatly influenced by the ENSO variation (Lau and Nath 2000; Bracco et al. 2007; Kripalani et al. 2007; Lean and Rind 2008) . ENSO is known as the largest climatic forcing which deals with variability of interannual monsoon through the large-scale east-west displacement of heat transfer in the tropics (Kumar et al. 1999a) . Numerous studies have shown the simultaneous association of ENSO indices and the monsoonal rainfall over India (Pant and Parthasarathy 1981; Ashok et al. 2001 Ashok et al. , 2004 Kripalani et al. 2007 ). Using observations and reanalysis products, Singh et al. (2013) have examined the mechanisms governing the teleconnections associated with prolonged La Niña variability in the Indian Ocean SST anomaly with a special emphasis on southwest tropical Indian Ocean SST. Their study concludes that winter (boreal) SST is highly influenced by long-lived La Niña forcing which indicates the importance of tropical Indian Ocean SST in addition to tropical Pacific SST for better representation of ENSO-induced teleconnections. A possible physical association between the Indian monsoon system and ENSO teleconnection based on the idea of large scale dynamic circulation was first suggested by Sir Gilbert Walker (Walker 1925) . Afterwards, numerous studies have shown that the warm phase (El Niño) is associated with a weakening of the Indian monsoon system with an overall reduction in rainfall (Bhalme and Mooley 1980; Rasmusson and Carpenter 1983; Shukla and Paolino 1983; Ju and Slingo 1995; Ashok et al. 2001 Ashok et al. , 2004 , conversely, the cold phase (La Niña) is associated with the strengthening of the Indian monsoon system and the enhancement of rainfall (Shukla and Paolino 1983; Ju and Slingo 1995) . However, other studies have also discussed the variations in the relationships between monsoonal rainfall and its predictors (Parthasarathy et al. 1991 (Parthasarathy et al. , 1992 (Parthasarathy et al. , 1994 Ashok et al. 2001) . These variations have been attributed to change in ENSO characteristics such as period and amplitude (Kumar et al. 1999b) .
In the past couple of decades, there have been increased occurrences of both frequency and magnitude of El Niño events with maximum warming anomaly occurring in the central and eastern equatorial Pacific (e.g., Latif et al. 1997; Lee et al. 2010; Karori et al. 2013) , called as Central Pacific (CP) El Niño (Kao and Yu 2009; Yu and Kim 2010) , dateline El Niño (Larkin and Harrison 2005) , warm pool El Niño ), or El Niño Modoki (Ashok et al. 2007 ). While previous studies on ENSO events have discussed an increasing frequency of El Niño and La Niña events in recent decades (Timmermann et al. 1999; Yeh et al. 2009; Lee et al. 2010) , changes in the magnitude of El Niño and La Niña events have not been discussed much. Therefore, there is a need to study the impact of the intensity of both phases of ENSO, i.e., El Niño and La Niña. Being prominent mode of interannual variability, ENSO produces profound impacts on global and regional climate; hence, there is a great interest in studying as to how the changing intensity and magnitude of the tropical Pacific sea surface temperature would affect tropical global circulations and associated changes in temperature and precipitation distribution. Although, the intensity of Hadley cell and its sensitivity to ENSO episodes has been intensely addressed (Held and Hou 1980; Seager et al. 2003; Feng and Li 2013; Nguyen et al. 2013) , however, questions remain, as how this thermally driven large scale tropical circulation will respond to ENSO increased amplitude and associated changes in surface air temperature and precipitation patterns. For this purpose, we will make use of an atmospheric climate model of intermediate complexity, i.e., ICTP-AGCM that has effectively been used previously to study global and regional climatic changes (Kucharski et al. 2006a (Kucharski et al. , b, 2013a Bracco et al. 2007; Bulić and Branković 2007) . In this study, we will see how well it can reproduce the impact of ENSO events at global and regional levels. The main purpose of studying the magnitude of ENSO events is to investigate the impact of ENSO (El Niño and La Niña) magnitude on Hadley circulation and subsequent temperature and precipitation distribution at global and regional scales focussing over the tropical and extra-tropical regions. We will also revisit ENSOinduced variation in Indian and African rainfall in summer (JJA) season as this region is getting a lot of interest because of its sensitivity and droughtlike condition to such events (Zeng 2003; Giannini et al. 2008; Kucharski et al. 2013a, b) . In addition, we will also revisit previously known facts of ENSO teleconnection pattern over Pacific and Atlantic regions such as ENSO-induced NAO pattern over North Atlantic region and its climatic effect over Europe and Middle East region. Therefore, the current paper deals with an ENSO (El Niño/La Niña) varying magnitude and associated climatic impacts over the tropical and extratropical regions, especially over South Asian and African convective regions. The study also deals with the ENSO-induced strengthening and weakening of Hedley cell that causes significant impact over Indian and African monsoons during summer. The rest of the paper is organized as follows. Section 2 discusses material and methods including the description of the model used in this study. ENSO phases and their global and regional impacts in winter and summer seasons are described in section 3. In the last section, we summarize our results.
Material and methods

Model description
Some of the main progress for studying the ENSO events and their global and regional impacts came initially from models of intermediate complexity, which are sufficiently detailed to compare to observations and to use in prediction but are less complex than coupled general circulation models (Neelin et al. 1998) . Keeping in mind, the ideal use of intermediate complexity model for such studies, the numerical experiments used in this study are conducted using version 41 of the atmospheric general circulation model developed at the Abdus Salam International Center for Theoretical Physics (ICTP), also known as SPEEDY (Simplified Parametrizations, primitivE-Equation DYnamics) ICTPAGCM (Kucharski et al. 2006a (Kucharski et al. , b, 2013a . SPEEDY is a model of intermediate complexity having a facility to be coupled with a thermodynamic slab-ocean layer (with a depth that varies between 60 m in the extra-tropical and 40 m in the tropical regions) that mimics air-sea interaction. It uses a hydrostatic spectral dynamical core developed at GFDL (see, Held and Suarez 1994) in the vorticity-divergence form as described by Bourke (1974) . The parameterization processes used in the model include short and longwave radiations, largescale condensation, convection, surface fluxes of momentum, heat and moisture, and vertical diffusion. Boundary layer fluxes in the model are obtained by stability-dependent bulk formulae and convection process is represented by a mass flux scheme that is activated where conditional instability is present. Furthermore, a simple one layer thermodynamic model is used to determine temperature anomalies for land and sea ice (Kucharski et al. 2006a (Kucharski et al. , b, 2013a . ICTPAGCM is computationally inexpensive due to its low resolution and simplified parameterizations and is very flexible as it can be easily modified to address a wide range of problems used to understand basic states of the climatic system. In recent couple of years, ICT-PAGCM has been used effectively in climate modeling research to study broad range of topics, such as modes of extra-tropical planetary scale variability (Molteni et al. 2011) ; extra-tropical circulation trends and decadal changes (Kucharski et al. 2006a, b) ; tropical/extra-tropical teleconnections; monsoon climate and its variability; ENSO monsoon relationships and their decadal changes; tropical teleconnection patterns Barimalala et al. 2012) and ENSO teleconnection changes in global warming scenarios . In almost all these studies, SPEEDY has performed reasonably well and reproduced climate statistics within the range of observed changes. The latest eight vertical layers version of this model is improved significantly compared with previous five layers version. An updated description of the latest version, having eight vertical layers, used in this study as well as previous model versions including list of users and downloading information can be seen at http://users.ictp.it/ ∼ kucharsk/speedy-net. html. A detailed documentation of the SPEEDY ICTPAGCM having five vertical layers together with its climatology and variability can be found in Molteni (2003) .
Experimental design and methodology
To investigate the global and regional scale climatic impact of ENSO forcing, four sets of ENSO experiments and a control (neutral) experiment at T30 spectral truncation resolution (∼3.75
• × 3.75
• horizontal resolution) are conducted. Two experiments are designed for El Niño phase and two for La Niña phase. For ENSO (El Niño/La Niña), the forcing that is used is a climatological SST field derived as monthly mean over the period 1979-2008 from ERA-Interim data, plus a Nino3.4 anomaly (added over the tropical Pacific region only) that was derived as monthly mean regression of National Oceanic and Atmospheric Administration's (NOAA) Extended Reconstructed Sea Surface Temperature, version 3 (ERSST.v3) dataset (Smith et al. 2008) onto the normalized Niño3.4 index for the period 1950-2010. El Niño events correspond to all the positive regression maps in the regressed anomaly pattern. To double the magnitude of the El Niño forcing, we simply doubled the Nino3.4-based regressed climatological SST anomaly over the tropical Pacific region only. The La Niña experiments share the opposite conditions to El Niño, i.e., these are prepared using same SST conditions as for El Niño by multiplying with -1 and -2 to make them one time and two times of La Niña amplitude, respectively. The advantage of choosing El Niño and La Niña pattern in this particular style (same pattern with opposite signs) could be that we can study the nonlinearity in the responses to El Niño and La Niña, if the responses are not exactly the same with opposite sign. In addition to these El Niño and La Niña experiments, we have conducted a control experiment that roughly corresponds to neutral ENSO state. This control experiment just uses the monthly SST climatology from 1979 to 2008 from ERA-Interim data. It is necessary to mention that our control and ENSO (El Niño/La Niña) experiments share the same background climatological SST forcing that is derived using ERAInterim data for the period 1979-2008. The only difference between control and ENSO (El Niño and La Niña) experiments is the additional Nino3.4 regressed SST pattern added over the tropical Pacific region as explained above. These are the SST boundary conditions, all other boundary conditions are monthly varying monthly climatologies derived from ERA-Interim (as is described in the SPEEDY AGCM description). Therefore, the only forcing in these simulations are the SSTs. As for the initial conditions, the model starts from rest and we have disregarded the first year to avoid spin-up effects. For all the experiments (control as well as El Niño/La Niña), we run the model for 50 years period in order to minimize any possible internal atmospheric variability. If there was no internal atmospheric variability or 'noise', then we could just run for one year (as we used climatological SST as boundary condition), but since there is a noise (due to all kinds of instabilities and nonlinearities we have in the atmosphere, e.g., baroclinic instability), in order to get a good estimate of the ENSO-induced, forced component or signal, we have to reduce this noise. In this study, we did it by interpreting the 50 years of integration as 50 independent ensemble realizations. The total response in one realization will be composed of a signal and a noise (their variances are additive). Our best estimate of the (ENSO) signal is to calculate the ensemble mean of these 50 responses. The impact of ENSO (El Niño and La Niña) magnitude is calculated as a simple departure of the forced (El Niño or La Niña) experiment from the control experiment in winter (DJF) and summer (JJA) seasons and results are displayed as composited anomalies calculated by averaging/compositing over entire 50 years of the simulation period for winter and summer seasons, respectively. We have also used Climate Forecast System Reanalysis (CFSR) data (1979-2008 period) for comparison and validation of model produced climatological pattern. CFSR is a high-resolution (∼38 km horizontal grid spacing) reanalysis produced using NCEP coupled atmosphere-ocean-land surface-sea ice model (Saha et al. 2010) .
We anticipate that the tropical Pacific SST forcing will be enough to produce ENSO-induced teleconnection patterns (as ENSO teleconnections are mainly Pacific-induced). Therefore, we designed our ENSO (El Niño/La Niña) experiments by forcing the model using Nino3.4 regressed SST anomalous conditions over the tropical Pacific region only (SST forcing over the rest of the regions is same as in control). This setting will answer whether ENSO-based teleconnection patterns can be better represented by SST changes over the tropical Pacific Ocean only, or we need to include ENSO-induced changes in all the global oceans, in particular, the Indian and Atlantic Oceans. overlaid with mean pattern of zonal and meridional wind vectors at 925 hPa in winter season produced using SPEEDY control experiment and CFS reanalysis. Spatial structure of mean surface air temperature and precipitation clearly demonstrates that SPEEDY AGCM replicates effectively to the main features such that it exhibits higher temperature pattern over the tropical regions and cooling patterns in high latitude polar regions. Precipitation and wind vector patterns are also well produced by model. Converging and diverging wind patterns at the tropical region, as well as low pressure areas and associated cyclonic features in the northern Atlantic and the northern Pacific regions are consistent among SPEEDY simulation and CFS reanalysis product. This analysis increased our confidence in the usage of SPEEDY model. To better assess ENSO-induced teleconnection patterns, we have to analyze anomalous atmospheric responses following both El Niño and La Niña events by evaluating composited differences between ENSO and control experiments performed using SPEEDY model. Figure 3 shows the global anomalous response of 2-m surface air temperature for both 1× and 2× El Niño (top) and La Niña forcing (bottom). Both the 1× and 2× El Niño are showing a strong warming over North America (eastern and central America) as well as over the Arabian peninsula and African region. However, we noticed a strong cooling impact over Eastern Eurasia, Australia and South Asia. A reverse anomalous pattern is observed in La Niña episodes (both 1× and 2×). This ENSO-induced (El Niño/La Niña) tropical warming/cooling pattern extending to Arctic and North American regions is caused by a well known ENSO-induced tropically excited Arctic warming/cooling mechanism following El Niño/La Niña forcing scenario. In this tropically excited Arctic mechanism (TEAM), the poleward propagating Rossby waves can warm/cool the Arctic through adiabatic warming/cooling mechanism, an enhanced poleward stationary eddy heat transport, and downward infrared (IR) radiation (Saravanan 1993; Lee 2012 and references therein). We also notice strong El Niño/La Niña induced warming/cooling pattern over tropical Africa that are largely caused by large-scale dynamic circulation and associated diabatic processes driven by Walker circulation. Another mechanism of this African continent heating/cooling could be explained through convectively generated Rossby waves. These waves emanate from the equatorial Pacific, moving eastward along circular paths resulting in wind and pressure changes that consequently play key role in the transport of heating/cooling over these regions and towards extra-tropics (Saravanan 1993; Jin and Hoskins 1995; Kiladis et al. 2009; Lee 2012) . Temperature anomalies induced by 2× El Niño forcing are much stronger than 1× El Niño forcing. The anomalous 2-m surface air temperature response to the La Niña forcing is opposite to El Niño forcing. La Niña forcing will induce stronger cooling over North America, Europe, Arabian peninsula and African domain. From the spatial anomaly pattern of 2-m surface air temperature, we noticed that SPEEDY model reproduces the impact of ENSO over the Pacific, North and South America and African regions very well and our results are in agreement with earlier studies (Sterl et al. 2007; Lee 2012; Wang et al. 2012) , however it underestimates ENSO teleconnection pattern and associated changes over Indian Ocean, covering Bay of Bengal and Laccadive Sea, Southeast Asia, in particular, over Indian and Sri Lankan domains which show that tropical Pacific SST forcing might not be the only necessary forcing responsible for ENSO-induced teleconnection patterns over Southeast Asian region and therefore, global SST forcing or at least Indian Ocean SST variability Singh et al. 2013) and interactive air-sea coupling in the Indian Ocean region (Lau and Nath 2000; Wang et al. 2005; Wu and Kirtman 2005; Bracco et al. 2007 ) might also be required for better representation of ENSO-induced changes over these regions. Figure 4 shows the response of precipitation anomaly (mm/d) in winter season for both 1× and 2× El Niño and La Niña forcing experiment. The pattern of precipitation anomaly following both El Niño and La Niña shows a stronger signal over the tropical regions compared to extra-tropics. Spatial pattern of precipitation anomaly reveals that El Niño forcing causes increased precipitation anomaly over the east and central equatorial Pacific region and decreased precipitation anomaly in the western Pacific which is consistent with the warm anomaly over east and central equatorial Pacific and cold anomalous pattern in western part of Pacific respectively as is observed in SST and 2-m temperature pattern (figures 1 and 3). These warm (cold) surface features cause more (less) evaporation that results in increased (decreased) rainfall anomalies over the equatorial regions. We also noticed that El Niño-induced warm anomaly over the tropics causes more precipitation over the upward branch (also known as ITCZ) of the Hadley cell. Subtropical regions that fall within the downward or sinking branch of Hadley cell display decreased precipitation anomalies for both the 1× and 2× El Niño experiments. As latitudinal position of the rising and sinking limbs of local Hadley cell varies at regional scale (Schwendike et al. 2014) , increasing and decreasing patterns of precipitation anomalies over the tropical region follow the position of ITCZ at regional scale. Precipitation responses for 2× El Niño forcing are much stronger than 1× El Niño case. A positive rainfall and cyclonic circulation response is seen near the California coast and Aleutian region as well as in the Gulf of Mexico, Cuba and Florida region, extending further into the western Atlantic. El Niño forcing also causes precipitation decrease over India, Australia, Sri Lanka, Thailand and Columbia. ENSO-induced winter precipitation anomaly for El Niño forcing is consistent with an earlier study showing a comparison between NCEP reanalysis precipitation anomaly and SPEEDY AGCM in which El Niño regressed rainfall anomaly pattern is shown using normalized Nino3.4 index onto winter precipitation (Sterl et al. 2007; Kucharski et al. 2013a, b) . Although, overall pattern of ENSO-induced precipitation changes over global and regional scales is well reflected in SPEEDY simulation as it agrees well with an earlier study (Kucharski et al. 2013a, b) , it lacks in fully reproducing changes over Indian and Southeast Asian domains in winter season. One of the possible reasons of this disparity could be that the SST forcing over the tropical Pacific might not be the only driving factor for major teleconnections. Therefore, SST forcing over tropical Indian Ocean and its associated teleconnection with tropical Pacific through large scale Walker circulation might also be required as additional important condition to fully characterize ENSOinduced changes over Asian region focussing Southeast Asia as Indian Ocean tropical SST could play significant role for governing teleconnections associated with tropical Pacific Ocean (Ashok et al. 2004; Bracco et al. 2007; Singh et al. 2013) . Precipitation anomalies obtained for La Niña conditions are roughly opposite to El Niño impact. The intensity of precipitation response for 2× La Niña phase increase almost linearly and is therefore much stronger than 1× La Niña phase. A dipole pattern of precipitation anomalies in high latitudes (between 30
Results and discussion
Winter response
• -60
• N and 30
• -60 • S) following both El Niño and La Niña forcing experiment could be associated with the upward and downward branch of Ferrell cell.
In order to have a better idea of ENSO-induced changes in tropical Hadley circulation, we have plotted vertical velocity (Omega in P/sec) overlaid with rising and sinking air produced by globally zonal averaged meridional and vertical wind profile (figure 5). These results clearly reveal that both the El Niño and La Niña induce strong impact over the tropical atmospheric Hadley circulation as both the vertical velocity and the intensity of the wind vectors have increased significantly following increased magnitude of El Niño event. We further noticed that El Niño induces strengthening and equatorward shift in Hadley cell circulation (sinking limbs are confined within 10-20
• latitude in both hemispheres) whereas La Niña causes weakening in the Hadley cell circulation. Response of Hadley cell following doubled forcing experiments both for El Niño and La Niña reveals that the magnitude of Hadley rising and sinking branches has significantly increased exhibiting that Hadley circulation is very sensitive to the magnitude of ENSO forcing. The spatial pattern clearly shows increased intensity of rising and sinking wind vector anomalies and associated vertical velocity pattern for enhanced El Niño (La Niña) forcing. We also analyzed pattern of zonally averaged zonal wind anomaly following El Niño and La Niña episodes in winter season (not shown) that shows that El Niño produces strengthening and equatorward shift to the jet streams. This ENSO-induced strengthening and equatorward shift of jet streams result into a narrower but intense Hadley cell (figure 5), because of increased eddy stress (Lee 2012 (Sterl et al. 2007) . Similarly, we observed signature of positive anomalies in high latitude polar regions. These anomalies of significant high and low pressure obvious in SLP and 850 hPa geopotential height anomalous response further elongates zonally to Atlantic Ocean and resembles a negative NAO-like pattern over the Atlantic Ocean (Zhang et al. 2015) . This North Atlantic, NAO-like ENSO response may be interpreted as an extension of the PNA pattern (e.g., Brönnimann et al. 2007; , or it could be caused through a stratospheric pathway of ENSO teleconnections (e.g., Ineson and Scaife 2009 ). This negative NAO pattern produces (through pressure gradient-induced changes in the mean wind flow pattern) significant impact over northern and southern Europe extending to Middle East and North African (MENA) regions and induces warm and wet anomalies as seen in 2-m surface air temperature and precipitation (figures 3 and 4 respectively) patterns (Yu and Zhou 2004) . Again the La Niña phase displays inverse structure to the El Niño condition both for 1× and 2× experiments, which indicates that La Niña will induce positive NAO-like pattern over the North Atlantic region that will result in cooling and drying anomalies over southern Europe and MENA region. Interestingly, the ENSO-induced NAO-like response over the North Atlantic Ocean is more pronounced for 2× El Niño and 2× La Niña and therefore associated changes over Europe and MENA are also significant for 2× ENSO phases than normal 1× ENSO episode. These results clearly reveal that the climatic impacts of ENSO over global and regional scales are very sensitive to the intensity of ENSO and its warming and cooling phases over the tropical Pacific. The SLP and associated geopotential height response in the north Pacific is caused as a result of a well-known winter ENSO teleconnection pattern induced by the Rossby wave source in the tropics that propagates towards extra-tropics and forms a quasi-barotropic structure. This wave train effect projects onto the Pacific North American (PNA) pattern, and the Aleutian low. This prominent teleconnection associated with ENSO events has been referred to as the PNA pattern accompanied by an intensified Aleutian low during ENSO warm (El Niño) phase. Corresponding to the ENSO (La Niña) cold phase, a positive SLP anomaly covers the North Pacific indicating a weakened Aleutian low during the La Niña events.
This type of pattern is anticipated to induce energy transport among tropics, extra-tropics and high-latitude regions following El Niño and La Niña forcing (Lee 2012) . Figure 8 shows pattern of geopotential height at 200 hPa following El Niño and La Niña forcing. This upper-level geopotential height anomaly is high in the tropics and low in the subtropical region because positive ENSO (El Niño phase) overall warms the tropical atmosphere and this leads to high geopotential anomalies in upper levels as a result of hydrostatic equilibrium. The height is lower in the more northern latitudes because of wave propagations of various types. This upper-level geopotential height anomaly is stronger over tropical Pacific compared to rest of the tropical regions both for 1× and 2× El Niño events which is associated with the El Niño-induced strong tropical Pacific warming pattern. These results are qualitatively consistent with observations and model-based Nino3.4 regressed anomalous pattern (Sterl et al. 2007; Kucharski et al. 2013a, b) . Responses of geopotential height anomalies for 1× and 2× La Niña episodes display a mirror image to their El Niño counterparts.
Summer response
Figures 9 and 10 show summer season SST and 2-m surface air temperature anomalies both for 1× and 2× El Niño and La Niña conditions activated over the tropical Pacific Ocean. Cold and warm SST anomalies over the Pacific Ocean for El Niño and La Niña phases are well represented by SPEEDY model. The warming (cooling) response following El Niño (La Niña) over the North and South America and African domain including Arabian peninsula region is relatively weaker in summer than in winter, which indicates that both El Niño and La Niña forcing in summer season may induce weaker climatic impact than El Niño and La Niña phases in winter season. We noticed that El Niño-induced warming seen over North American region in winter season is shifted westward over the Arctic Ocean which shows that ENSOinduced wave pattern and associated lows and highs shift westward in summer season and their intensity is also weaker in summer than their winter counterpart. Figure 11 shows the response of precipitation anomaly in summer season both for 1× and 2× El Niño and La Niña forcing scenarios. The simulated convection changes over the tropical Pacific closely follow spatial patterns of SST warming, consistent with the 'warmer-get-wetter' idea (Xie et al. 2010; Tokinaga et al. 2012) . The spatial pattern of precipitation regime shows that El Niño is causing more rainfall anomaly over the tropical ITCZ rain belt region which is somehow consistent with the warm anomaly pattern seen in 2m-temperature that results in more evaporation and moisture contents over oceans that subsequently follows the latitudinal movement of the upward (rising) branch of local Hadley cell. Interestingly, we noticed decreased rainfall anomaly over African ITCZ region (Sahel rain belt region) following El Niño particularly after 2× El Niño forcing scenario. This weakened precipitation anomaly could be a result of El Niño-induced weakening of African and Southeast Asian monsoon circulation. It is previously known that El Niño forcing causes warming over the tropical Indian and Atlantic Oceans and induces zonal temperature gradient through atmospheric overturning Walker circulation that results in more evaporation and associated rain over the Indian and Atlantic Oceans and a decreased rainfall towards inland areas of the Indian and African continents because of weak meridional thermal gradient (Kripalani et al. 2007 ). However, our idealized sensitivity experiments based on SST forcing over the tropical Pacific Ocean using SPEEDY model are not responding correctly to this El Niño-induced warming over the tropical Indian Ocean and therefore SPEEDY model overestimates precipitation changes over South Asia, in particular over Indian and Sri Lankan regions. Consequently, SPEEDY produced features over the Indian Ocean and parts of associated South Asian regions are slightly inconsistent with earlier studies showing weaker monsoon circulation following El Niño forcing Kripalani et al. 2007; Lean and Rind 2008) . This inconsistency could be related to the lack of interactive air-sea coupling in the Indian Ocean region in the SPEEDY simulation (Wu and Kirtman 2005; Wang et al. 2005; Bracco et al. 2007) . Interestingly, maritime continents of Southeast Asian and Indo-Pacific domains are largely consistent with observations and earlier studies (Kucharski et al. 2013a, b) . The La Niña forcing is showing opposite structure to the El Niño phase ( figure 11, lower panel) over the entire globe, especially in the tropical Pacific and African Sahel region. However, the response over the tropical Indian Ocean, particularly in the Arabian Sea, the Bay of Bengal extending further towards Indian and Sri Lankan continents is somehow not well reflected. As discussed above, this disparity between SPEEDY simulation and earlier studies showing changes over Indian Ocean and inland South Asian continents could be accounted for by considering global SST forcing (Giannini et al. 2008) or by activating ENSO-induced tropical Indian Ocean SST anomaly pattern (Ashok et al. 2004 ) along with the tropical Pacific SST forcing, which implies that SST forcing over the tropical Indian Ocean in addition to tropical Pacific SST could be a potentially important driving factor Singh et al. 2013) to produce ENSO-induced teleconnection patterns over Southeast Asian region following El Niño and La Niña episodes. Figures 12 and 13 show ENSO-induced Hadley and Walker circulation responses for 1× and 2× El Niño and La Niña episodes. The rising and sinking limbs of Hadley cell are well represented by SPEEDY model, but their strength in summer is much weaker than their winter counterpart. Furthermore, the responses of Hadley circulation strengthened following increased magnitude of ENSO forcing which shows that El Niño overall causes strengthening of Hadley circulation. We noticed that ENSO-induced anomalies of Walker circulation are stronger and rising and sinking motion is much obvious over the tropical Pacific region than over the Indian Ocean, which shows that model is not responding well over the Indian Ocean, in particular over the Arabian Sea, Laccadive Sea and Bay of Bengal ( figure 13 ). In addition, Walker circulation response following La Niña forcing over the Indian Ocean does not increase linearly with increased magnitude of La Niña. This type of response could explain further possibilities that why model underestimated over the Indian Ocean. Previous studies indicate that El Niño forcing scenario in summer induces intensification and equatorward shrinking to the Hadley cell circulation (Lu et al. 2008; Nguyen et al. 2013 and references therein) , and these features are also seen in our simulations showing Hadley cell response to ENSO forcing in winter and summer (figures 5 and 12). The negative phase of ENSO (La Niña) shows reverse feature and produces weakening and poleward expansion of the Hadley cell circulation. Both the earlier studies and a conventional wisdom suggest that ENSO (El Niño/La Niña)-induced changes in Walker circulation will result in warming/cooling over the tropical Indian Ocean that will result in weak/strong meridional thermal gradient that consequently results in less/more moisture transport towards inland areas of Africa and South Asia. The model produces these features over the African continent very well; however, it fails to show them over tropical South Asian continents in summer because it fails to produce Walkerinduced zonal warming pattern over Indian Ocean, especially in the Bay of Bengal region and hence, resultant precipitation patterns over tropical South Asian regions are less well reflected in SPEEDY.
However, drought conditions over African tropical Sahel region are well captured and model also somehow managed to produce decreased precipitation anomaly over central and Southern India following 2× El Niño event. La Niña episode will produce increased anomaly over African Sahel region in summer because La Niña will cause strong meridional temperature gradient that will drag more moisture through the inflow of moistureladen air from the Atlantic Ocean (Gulf of Guinea) into the interior of African continent, especially over the ITCZ rain belt region during the African monsoon. Effects over South Asian continents are slightly underestimating for La Niña episode as well because of the same reason discussed above. These results confirm that summer monsoon features in South Asian and African regions are very sensitive to ENSO-induced zonal and meridional thermal gradients caused by ENSOinduced variations in Hadley and Walker circulation changes. As Indian and African monsoon rainfall features are tightly coupled with ITCZ movement and therefore depend strongly upon strengthening or weakening of ITCZ. However, northward extent/position of this summer ITCZ (also known as upward branch of Hadley cell) varies at regional/local scale (i.e., it has different position and extent at different regions) and therefore to have better idea of ITCZ movement and associated changes in monsoonal rainfall, we need to look at Hadley cell response at local scale. We analyzed the pattern of Hadley cell over African tropical region (zonally averaged over 10
• W-50 • E), which reveals that El Niño (La Niña) induces weakening (strengthening) to ITCZ over African tropical region (upward branch of Hadley cell is displaying a reversed pattern for El Niño/La Niña at about 6-15
• N suggesting a weakening and equatorward movement) in summer ( figure 14) that results in weakening of African monsoon system confirming that African and South Asian tropical regions are sensitive to tropically excited SST changes and associated thermal gradients. Figures 15 and 16 show the response of mean sea level pressure and geopotential height anomalies at 850 hPa following El Niño and La Niña phases for both the experiments (1× and 2×). Both the mean sea level pressure and geopotential height show weak response both at tropics and high latitudes. In boreal summer response of height in the Northern Hemisphere is weaker than in boreal winter that generates weaker Rossby waves resulting towards a weak poleward flow in the Southern Hemisphere. Instead, the wave propagation in the Southern Hemisphere is much clearer and stronger because it is winter season in the Southern Hemisphere. We further noticed that high and low pressure structures weaker in summer season compared to winter season response, which confirms that ENSO impact in summer is weaker than in winter.
Summary and conclusions
Earlier studies suggest that both the frequency and magnitude of ENSO events have increased since last few decades resulting in a need to study global and regional climatic impacts of ENSO magnitude. The present study is an attempt to evaluate the role of ENSO magnitude in global and regional climate changes. The main progress for studying the ENSO events and their global and regional impacts came initially from models of intermediate complexity, which are sufficiently detailed to study such events and are computationally less demanding and less complex than coupled general circulation models. Hence, to better understand ENSO-induced climatic sensitivity at global and regional scales, we used SPEEDY ICTP-AGCM and analyzed the impact of ENSO magnitude on 2-m surface air temperature, precipitation, sea level pressure, vertical wind and geopotential height at global and regional scale focussing on tropical and extra-tropical regions. Results obtained by SPEEDY atmospheric model show that ENSO has a stronger impact over the InterTropical Convergence Zone (ITCZ) region compared to extratropics and high latitude regions. The positive phase of ENSO causes weakening of rainfall over Africa, South Asia, whereas La Niña phase produces more rain over these regions particularly in the summer season. Model results further reveal that ENSO has a stronger impact on South Asia particularly over Indian region because of its significant impact over the Indian Ocean, especially over the Arabian Sea, the Bay of Bengal and the Laccadive Sea through Walker circulation. Results of precipitation anomalies, zonally averaged vertical wind, as well as geopotential height changes at 850 and 200 hPa reveal that ENSO magnitude significantly impacts Hadley and Walker circulation. Model-based configuration of Hadley cell following doubled El Niño (La Niña) events emphasizes that the intensity of Hadley cell's rising and sinking branches increased (decreased) significantly exhibiting that the Hadley circulation is very sensitive to the magnitude of ENSO forcing. ENSO-induced changes in precipitation and vertical wind profile suggest that the positive phase of ENSO (El Niño) may induce strengthening and equatorward shrinking to Hadley cell, whereas the negative phase of ENSO (La Niña) cause weakening of Hadley cell both in the winter and the summer seasons. ENSObased sensitivity experiments further reveal that El Niño (La Niña) induces significant weakening (strengthening) to local Hadley cell covering MENA and South Asian tropical regions which results in weakening (strengthening) of Indian and African monsoon systems indicating that MENA and South Asian tropical regions are very sensitive to tropically excited SST changes. This ENSO-induced strengthening/weakening of Hadley cell along with variations in Walker circulation induce significant impact over South/East Asian and African rain-belt regions. Our results reveal that both El Niño and La Niña forcing in summer (JJA) season induce weaker climatic impact than in winter season. Our study further shows that ENSO (El Niño/La Niña) causes strengthening (weakening) and equatorward (poleward) shift to jet streams. Analysis of MSLP and geopotential height changes suggest that ENSO-induced negative (positive) NAO-like response and associated changes over southern Europe and MENA region get significantly strong following increased intensity of El Niño (La Niña) in Northern (Southern) Hemisphere in boreal winter (summer) season. The SPEEDY model reproduces the impact of ENSO over the Pacific, North and South America and African regions quite well; however, it fails to effectively reproduce ENSO teleconnection patterns and associated changes in temperature and precipitation over South and Southeast Asia, especially in the Indian and Sri Lankan regions. It happens due to model's lack in well simulating the ENSO-induced thermal temperature pattern over the tropical Indian Ocean covering the Bay of Bengal, the Arabian Sea and the Laccadive Sea that resulted in marginally varying pattern of temperature and rainfall distribution in SPEEDY simulations over these regions. One of the possible reasons for this disparity could be that the SST forcing over the tropical Pacific might not be the only driving factor for major ENSO-based teleconnections and their global interactions. Our study suggests that ENSO-induced changes in SST over the tropical Indian Ocean could play significant role for governing teleconnections through changes in Walker circulation that consequently induces changes in meridional thermal gradient and affects monsoon circulation. This study further concludes that SST forcing over the tropical Indian and the Pacific Ocean and their teleconnection through largescale zonal atmospheric overturning circulation is attributed to be a potentially important driving condition to characterize ENSO-induced climatic changes over South Asia. ENSO-induced climatic conditions over south Asian region, especially in the Indian region are not well reproduced by SPEEDY AGCM, which suggests that Indian Ocean SST together with interactive air-sea coupling in the Indian Ocean should be taken into account for better representation of South and Southeast Asian monsoon features. In general, ENSO-induced global and regional teleconnection patterns of surface temperature, precipitation, SLP and geopotential height changes are consistent with earlier studies, which indicate that SPEEDY AGCM can be used effectively to better understand ENSO-induced global and regional climatic responses.
